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5^ (57) Abstract: Methods and compositions are described herein for reconstruction of different functional tissues. Dissociated cells, 
^ differentiated cells, adult mesenchymal stem cells or embryonic stem cells are seeded on a scaffold. The scaffold will consist of a 
^ biocompatible, biodegradable shape memoiy ("SM") polymers. In addition bioactive substances may be incorporated in the scaffold. 

Thermoplastic as well as thermoset materials with SM-effect can be used. The shape memory effect will be applied as an interactive 
^ link between the cells and the used polymeric scaffold. The degradation kinetics as well as shape memory transition temperamre 

will be tailored by adjusting to monomer ratios of the co-oligomers. The shape memory effect will be used to create a degradation 
^ or release of bioactive substances on demand, induce forces on seeded cells or induce proliferation and differentiation of cells. 
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SHAPE MEMORY THERMOPLASTICS AND 
POLYMER NETWORKS FOR TISSUE ENGINEERING 



Background of die Invention 



The present-invention relates to the use of shape memory polymers in tissue engineering 
and to a method of tissue engineering using shape memory polymers. 

Up to now biodegradable and biostable thennoplastic or. networic 
matacials which are bioconq)atibIe were used as scaffold material in tissue 
engineering. Several different polymeric substances were applied firom modified 
biologic to fiilly synthetic materials. Great achievements have been lealized in 
tissue engineering using these materials, sudh as tissue engineered artificial glrln 
and other products that are now in the clinical pipeline. 

■ However the scaffold material cannot react or be altered independent of 
the seeded surface, in-growth of vasculature or ^fferendadon of seeded cdlls. 
The materials that are needed are therefore: 

Materials or materials loaded or coated with bioactive substances that 
have the possibility to induce structuring, proliferation or differentiation of cells 
in itself 

Materials that can control release kinetics of one or more bioactive 
substances independently by triggering an ^ect, that may open or dose porous 
stnictures through an extmial stimulus. 

Scaffolds that will only degrade after an external stimulus is set 
(degradation on demancQ. 

Scaffolds that can induce forces on the seeded cells. 

It is the object of the present invention to overcome the drawbacks of the prior art 

This object has been solved with the use and the method according to the independent 
claims. Preferred embodiments are given in the dependent subclaims. 
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Brief description of the figures 

Figure 1 shows SMP particles employed for tissue and/or cell engineering. The suri'ace 
of the seeded particle can be increased by inducing a shape memory effect 

Figure 2 shows that separation of grown cells and/or tissue from SMP particle (scaffold) 
can be achieved by inducing degradation and/or a shape memory effect 

Figure 3 shows an example of the use qf SMP scaffold for the orientation of cells and/or 
tissue grown thereon by inducing a shape memory effect. In addition it is shown that bio- 
active substances, contained in the SMP scaffold are released due to tiie shape memory 
effect 

First the shape memory polymers (SMP) which may be employed in the present inven- 
tion are described. 

SMP are generally characterized as having netpoints and flexible segments. These net- 
points can be chemical or physical in nature. SMP are characterized as phase 
segregated linear block co-polymers hjaving a hard segment and a soft 
segment. The hard seg^nent is typically ciystalline^ 
point, and the soft segment is typically amorphoiis, with a defined ^ass 
transition temp^ature. In some embodiments, hbwev^, the hard segment is 
amorphous and has a glass transition temperature rath^ than a melting point. 
In other embodiments, the soft segment is crystalline and has a melting point 
rather than a glass transition temperature. The melting point or glass 
transition temperature of the soft segment is substantially less than the 
melting point or glass transition tanperature of the hard segment 

When the SMP is heated above the melting point or glass transition 
temperature of the hard segment, the material can be shaped. This permanent or original 
shape can be memorized by cooling the SMP below the melting point or 
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glass transition temperature of the hard segment. When the shaped SMP is 
cooled below the melting point or glass transition temperature of the soft 
segment while the shape is deformed, a new (temporary) shape is fixed. The 
original shape is recovered by heating the material above the melting point or 
5 glass transition temperature of the soft segment but below the melting point 
or gjass transition temp^ature of the hard segment In another method for 
setting a tranporary shape, the matmal is deformed at a temperature lower 
than the melting point or glass transition tempoature of the soft s^ment, 
resulting in stress and stram being absorbed by the soft segment. When the 
10 material is heated above the melting point or glass transition temperature of 
the soft segment, but below tfie melting point (or glass tranation 
tanperature) of the hard segment, the stresses and strains are relieved and tiie 
material returns to its ori^nal shapa The recovery of the original shape, 
which is induced by an increase in temperature^ is called the thamal shape 
15 memory effect Properties that describe the shape memory capabilities of a 
matoial are the shape recoveiy ofUbet ori^al shape and the shape fixhy of 
the temporaiy shape. 

Several physical properties of SMPs otho- than the abflity to 
memorize shape are significantly altered in response to exteamal changes in 
20 teaq)«ature and stress, particularly at the melting point or ^ass iianation 
temperature of die soft segment. These properties include the Mastic 
modulus, hardness, flexibility, vapor permeabilit/, damping, index of 
refiaction, and dielectric constant The elastic moduhis (the ratio of the 
stress in a body to the corresponding strain) of an SMP can change by a 
25 factor of up to 200 when heated above the melting point or glass transition 
temperature ofthe soft segment. Also, the hardness of the material changes • 
dramatically when the soft segment is at or above its melting point or glass 
transition temperature. When the material is heated to a temperature above 
the melting point or glass transition temperature ofthe soft segment, the 
30 damping ability can be up to five times higho- than a conventional rubber 
product. The material can readily recover to its original molded shape 
following numerous thermal q/cles, and can be heated above the melting 
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point of the hard segment and reshaped and cooled to fix a new original 
shape. 

Preferred SMP or SMP compositions can hold 

more than one shape in memory. For example, the composition can include 
a hard segment and at least two soft segments. The Ttnms of the hard segment 
is at least 10 °C, and preferably 20 **C, higher than the Ttnms of one of the soft 
segments, and the Ttrans of each subsequent soft segment is at least 10 ^C, and 
preferably 20 "^C, lower than the Ttrans of the preceding soft segment. A 
multiblock copolymer with a hard segment with a relatively high Ttnms and a 
soft segment with a relatively low Ttn^^ can be n^xed or blended with a 
second multiblock copolymer with a hard segment with a relatively low Tw 
and the same soft segment as that in the first multiblock copolymer. Since 
the soft segments in both nmltiblock copolymers are identical,flie polym^ 
are misdble in each other when the soft segments are melted. The resulting 
blend has three transition temperatures: one for the first hard segmrat, one 
for the second hard segment^ and one for the soft s^ment. Accordingly, 
these materials are able to memorize two different shapes. 

Articles of manufacture with two or more shapes in memory can be 
prepared by forming a polymer composition .with a hard segment, a first soft 
segment, and a second soft segment, where the first soft segment has a Ttnas 
at least 10 ^'C below that of the hard segment and at least 10 °C above that of 
the second soft segment A&&r the composition is shaped at a temperature 
above the Ttoas of the hard segment, it can be cooled to a temperature below 
that of the Tmua of the first soft segment and above that of the second soft 
segment and formed into a second shape. The composition can be formed 
into a third shape after it has been cooled below the Ttram of the second soft 
segment.' The composition can be heated above the Ttnms of the second soft 
segment to return the composition to the second shape. The composition can 
be heated above the Ttrans of the first soft segment to return the composition 
to the first shape. The composition can also be heated above the Tt^ns of the 
hard segment, at which point the composition loses the memory of the first 
and second shapes and can be reshaped using the method described above. 
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As used herein, the term "biodegradable" refers to materials that are 
bioresorbable and/or degrade and/or break down by mechanical degradation 
upon interaction with a physiological environment into components that are 
metabolizable or excretabl^ over a period of time from minutes to three 
1 0 years; preferably less than one year, while maintaining the requisite 
structural integrity. As used h^ein in reference to polyma-s, the term 
"degrade'* refer to cleavage of the polymer chain, such that the molecular 
weight stays approximately constant at the oligomer level and particles of 
polymer remain following degradation. The term "completely degrade" 
15 refers to deavage of the polymer at the molecular level such that there is 

essentially complete mass loss. The term ''degrade" as used herein includes 
"completdy degrade" unless oth^vise indicated. 

A polym^ is a shape memoiy polymer if tiie original shape.of the 
polymer is recovered by heating it ahove a shape recovering temp^sture ' 
20 (deiSned as the Tims of a soft segnoent) even if the original molded sh^e of 
the polymer is destroyed mechanically at a lower temperature than the shape 
recovering temperature, or if the memorized shape is recov^^Ie by 
application of another stimulus. 

As used h^etn, the tenn ^segment" refers to a bIo<^ or sequaice of 
25 polymer fbnning part of the shape memory polymer. 

As used herein, the terms hard segment and soft segment are relative 
terms, relating to the Ttrans of the segments. The hard segment(s) has a higher 
Ttrans than the soft segment(s). 

The shape memory polymers can include at least one hard segment 
30 and at least one soft segment, or can include at least one kind of soft- segment 
wherein, at least one kind of the soft segments are crossUnked, without the 
presence of a hard segment 
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The hard segments can be linear oligomers or polymers, and can be 
cyclic compounds, such as crown ethers, cyeiic di-, tri-, or oligopetides, and 
cyclic oligo(ester amides). 

The physical interaction between hard segments can be based on 
charge transfer complies, hydrogen bonds, or oth^ interactions, since some 
segments have melting temperatures that are higher than the degradation 
temperature. In these cases, there is no melting or glass transition 
temperature for the segment A non-thermal mechanism, such as a solvent, 
is required to change the segment bonding 

The ratio by weight of the hard segmentisoft segments is between 
about 5:95 and 95:5, preferably between 20:80 and 80:20. 

JL Polymer Segments 

The segments preferably are oiigom^. As used herein; the term 
"oligomer** refers to a linear chain molecule having a molecular weight up to 
15,000 Da. 

The polymers are sjslected based on the desired glass transition 
temperature(s) (if at least one segment is amorphous) or the melting point(s) 
(if at least one segment is c^stallineX which in turn is based on the desired 
appUcations, taking into coiisidaation the environment of use. Preferably, 
the number average molecular weight of the polymer blodc is greater than 
400, and is preferably in the range of between 500 and 15,000. 

The transition temperature at which the polymer abmptly becomes 
soft and deforms can be controlled by changing the monomer composition 
and the kind of monomer, which enables one to adjust the shape memory 
effect at a desired temperature. 

The thermal properties of the polymers can be detected, for example, 
by dynamic mechanical thermoanalysis or differential scanning calorimetry 
(DSC) studies. In addition the melting point can be determined using a 
standard melting point apparatus. 
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1 . Thermoset or thermoplastic polymers. 

The polymers can be thermoset or thermoplastic polymers, although 
thermoplastic polymers may be preferred due to their ease of molding. 

Preferably, the degree of crystallinity of the polymer or polymeric 
block(s) is between 3 and 80%, more preferably between 3 and 60%. When 
the degree of crystallinity is greater than 80% while all soft segments are 
amorphous^ the resulting polymer composition has poor shape memory 
characteristics. 

The tensile modulus of the polymers below the Tim is typically 
between 50 MPa and 2 GPa (gigapascal^X whereas the tenale modulus of the 
polymers above the Tira« is typically between 1 and 500 MPa. Pref^bly, 
the ratio of elastic modulus above and below the Ttnua is 20 or more. The 
higher the ratio, the better the shape memoiy of the resulting pol3rmer 
composition. 

The polymer s^m^tts can be natural or syatbetic^ although synthetic 
pol3nxiers are preferred. The polymer segments can be biodegradable or non- 
biodegradable, although the resulting SMP composition is biodegradable 
biocompatible polymers are particularly preferred for medical applications. 
In general, these materials degrade by hydrolysis, by e^osure to water or 
enzyme^ under physiological conditions, by surface erosion, bulk erosion, or 
a combination thereof. Non-biodegradable polymers used for medical 
applications preferably do not include aromatic groups, other than those 
present in naturally occurring amino acids. 

Rjepresentalive natural polymer segments or polymers include 
proteins such as zein, modified zdn, casein, gelatin, ghiten, serum albumin, 
and collagen, and polysaccharides such as alginate, celluloses, dextrans, 
puUulane, and polyhyahironic acid, as well as cihitin, poly(3- 
hydroxyalkanoate)s, especially poly(P-hydroxybutyrate), poly(3- 
hydroxyoctanoate) and polyCS-hydroxyfatty acids). 
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Representative natural biodegradable polymer segments or polymers 
include polysaccharides such as alginate, dextran, cellulose, collagen, and 
chemical derivatives thereof (substitutions, additions of chemical groups, for 
example, alkyl, alkylene, hydroxylations, oxidations, and other modifications 
routinely made by those skilled in the art), and proteins such as albumin, zein 
and copolymers and blends thereof^ alone or in combination with synthetic 
polymers. 

Representative synthetic pol3rnier blocks include pol3rphosphazenes, 
poly(vinyl alcohols), polyamides, polyester amides, poly(amino add)s, 
synthetic poly(amino acids), polyanhydrides, polycarbonates, polyaoylates, 
polyalkylenes, polyaaylaimdcs, polyalkylene jglycols, poIyaUcylene oxides, 
polyalkylene terephthalates, polyortho esters; polyvinyl eth^ polyvinyl 
esters, polyvinyl halides, polyvinylpyrrolidone, polyesters, polylactides, 
polyglycolides, polysiloxanes, polyurethanes and copolymers th^eof 

Examples of suitable polyaciylates include poly(methyl 
m^aciylate), poly(ethyl methacrylate), poIy(butyl methaaylate), 
poly(lsobutyl methacrylate), poly(hexyl methacrylate), polyipsodecyl 
methacrylate), poly(lauryl methacrylate), poly(ph«iyl methacrylate), 
poly(methyl acrylate), poly(isopropyl acrylate), poly(isobufyl acrylate) and 
poly(octadecyI acrylate). 

Synthetically modified natural polymers include cellulose derivatives 
such as alkyl celluloses, hydro^^alfcyl celluloses, cellulose ethers, cellulose 
est^s, nitrocelluloses, and chitosan. Examples of suitable cellulose 
derrvatives include methyl cellulose^ ethyl cellulose^ hydroxypropyl 
cellulose, hydroxypropyl methyl cellulose, hydroxybntyl methyl cellulose, 
cellulose ac^at^ cellulose propionate^ cellulose acetate butyrate, cellulose 
acetate phthalate; carbo;<ymethyl cellulose, cellulose triacetate and cellulose 
sulfate sodium salt These are collectively referred to herein as "celluloses". 



SUBSTITUTE SHEET (RULE 26) 



wo 01/91822 



9 



PCT/EPOl/06210 



Representative synthetic degradable polymer segments or polymers 
include polyhydroxy acids, such as polylactides, polyglycolides and 
copolymers thereof, poly(ethyIene terephthalate); polyOiydroxybutyric acid); 
poIy(hydroxyvaleric acid); poly[lactide-co-(e-caprolactone)]; polyfelycolide- 
co-(B-caproiactone)]; polycarbonates, poIy(pseudo amino acids); poly(amino 
acids); poly(hydroxyalkanoate)s; polyanhydrides; polyortho esters; and 
blends and copolymers th^eof 

Examples of non-biod^radable polymer segments or polymers 
include ethylene vinyl acetate, poly(meth)acrylic add, polyamides, 
polyethylene, polypropylene^ polystyrene, pol3n^inyl chloride, 
polyvinylphenol, and copolym^s and mixtures thereof 

Kapidly bioerodible polymers such as poly(lactide-co-glycoUde)si, 
polyanhydrides, and polyorthoesters, which have carboxylic groups exposed 
on the external surfece as the smooth surface of the polymer erodes, also can 
be used. In addition, polymers containing labile bonds, such as 
polyanhydrides and polyesters, are well known for their hydrolytic reactivity. 
Their hydrolytic degradation rates can generally be altered by simple 
changes in the polym^ badcbone and thdr sequence structure. 

Various polymers, such as polyacet^ene and polypyrrole, are 
conducting polymers. These materials are particularly preferred for uses in 
which electrical conductance is important Eicamples of these uses include 

tissue engineering and any biomedical application where cell growth is to be 
stimulated. These mat^als may find.particular utility in the field of 
computer science, as they are able to absorb heat without increasing in 
temperature better than SMAs. Conducting shape memory polymers are 
useful in the field of tissue engineering to stimulate the growth of tissue, for 
example, nerve tissue. 



SUBSTITUTE SHEET (RULE 26) 



wo 01/91822 



10 



PCT/EPOl/06210 



2. Hydrogels. 

The poJymer may be in the form of a hydrogel (typically absorbing 
up to about 90% by weight of water), and can optionally be ionically 
crossltaked with multivalent ions or polymers. Ionic crosslinking betwe^ 
soft segments can be used to hold a structure, which, when deformed, can be 
reformed by breaking the ionic crosslinks between the soft segments. The 
polymer may also be in the form of a gel in solvents other than water or 
aqueous solutions. In these polymers, the temporary shape can be fixed by 
hydrophilic interactions between soft s^ments. 

Hydrogels can be formed from poly^ylene glycol, polyethylene 
oxide, polyvinyl alcohol, polyvinyl pyiroUdone, polyacrylates, poly 
(ethylene teiephthalateX poIy(vinyl acetate), and copolymors and blends 
thereof Several polymeric segments, for example, acrylic add, are 
elastpmeric only when the polymer is hydrated and hydrogels are formed. 
Other polymeric segments, for example, methacrylic add, are crystalline and 
capable of melting even when the polymers are not hydrated. Either type of 
pol5aneric block can be used, depending on the desired application and 
conditions of use. 

For example, shape memory is observed for acrylic acid copolymers 
only in the hydrogel stat^ because the ai^lic acid units are substantially 
hydrated and behave like a soft elastomer with a v^ low glass transition 
tempaature. The dry polymers are not shape memory polymers. When dry, 
the aciylic add units behave as a hard plastic even above the glass transition 
temperature and show no abrupt change in mechanical properties on heatiiig. 
In contrast, cdpolymers including methyl aciylate polymeric segments as the 
soft segments show shape memory properties even when dry. 
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3. Polymers Capable of Forming a Gel at Increased 
Temperatures. 

Certain polymers, for example, poly(ethyIene oxide-co-propylene 
oxide) (PLURONICS*"), are soluble in water at temperatures lower than 
body temperature and become hydrogels at t^peratures higher than body 
temperature. Incorporation of these polymers as segments in shape memory 
polym«^ provijdes them with the ability to response to changes in 
temperature in a manner opposite that of typical shape memory polymers. 
These materials recover their shape when cooled below their shape recovery 
temperature^ rath^ than being heated above their shape recovMy 
temperature. This effect is called inversed thermal shape memory effect 
Shape memory polymer compositions including these polymer segments are 
useful in various biomedical applications where the polymer can be inserted 
as a liquid, and cooled to recover an intended shape in situ. The inverse 
thermal shape memory effect can be obtained by incorporating two different . 
segments into a polymer that are misdble- at temperatures Iowm- than Tmisp, 
but are immiscible at higher temperatures. The phase separation at higher 
temperatures stabilizes the temporary shape. 

The polymers can be obtained from commercial sources such as 
Sigma Chemical Co,, St Louis, MO.; Polysdences, Warrenton, PA; Aldrich 
Chemical Co., Milwaukee, WI; Fluka, Ronkonkoma, IsHf; and BioRad, 
Richmond, CA, Alternately, the polymers can be synthesized from 
monomers obtained from commercial sources, using standard techniques. 
TL Assembly of Polymer Segments 

The shape memory polymer include one or more hard segments and 
one or more soft segments, wherein at least one of the segments is 
biodegradable or at least one of the segments is linked to another segment via 
a biodegradable linkage. Representative biodegradable linkages include 
ester-, amide-, anhydride-, carbonate-, or orthoester linkages. 
1. Polymer Stmctures. 

The shape memory effect is based on the polymer morphology. With 
respect to thermoplastic elastomers, the original shape of an object is fixed 
by physical crosslinks caused by the hard segment. With respect to 
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network polymers?, the soil segments are covalently crosslinked instead of 
having hard segments. The original shape is set by the crosslinking process. 

In contrast to prior art segmented polyurethane SMPs, the segments 
of the compositions described herein need not be linear. The segments can 
5 be partially grafted or attached in dendremeric side groups. 

A. ThermoplasiicandThermoelasticPofymers 
The polymers can be in the form of linear diblock*, triblock-, 
tetrablock, or multiblock copolymer^ branch or graft polymers, 
thermoplastic elastomers, which contain dendritic structures, and blends 
1 0 th^eof Figure 3 illustrates some of the combinations of suitable classes of 
thermoplastic materials forming the hard and soft segments. The 
thermoplastic shape memory polymer composition also can be a blend of one 
or more homo- or co-polymer with one or more diblock-, triblock-, 
tetrablock, or multiblock copolymers, branch or graft polymers. These types 
15 of polymers are well known to those of skill in the art. 

As used herein, the term ''degradable thermosef refers to Q) 
thermosets SMPs containing only one soft segment, which contains 
cleavabie boixls, and (ii) thermosets contsumng more than one soft segment, 
wherein at least one soft s^ment is degradable or wherein the different soft 
20 segments are connected by cleavabie bonds. There are four different types of 
thmnoset polymers that have shape memory capability. These include 
polymer networks, semi-interpenetrating networks, interpenetratiiig 
networks, and mbced-interpenetrating networks. 

/. Polymer Networks 
25 A polymer network is prepared by covalently crosslinking 

macromonomers, i.e., polymers which contain polymerizable endgroups such 
as carbon-carbon double bonds. The polymerization process can be induced 
by using light or heat sensitive initiators or by. curing with ultraviolet ligSt 
("UV-light'') without an initiator. Shape memory polymer networks are 
30 prepared by crosslinking one or more soft segments which correspond to one 
or more thermal transitions. 

In an embodiment preferred for biomedical applications, the 
crosslinking is performed using a photocrosslinker and requires no chemical 
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initiator. The photocrosslinker advantageously eliminates the need for 
initiator molecules, which may be torn. Figure 4 is a dicigiam of a reaction 
sequence for the synthesis of a preferred photocrosslinker, which produces 
an overall yield of about 65%. 

Inierpemtraiing Networks 
Interpenetrating networks ("IPN") are defined as networks wha-e two 
components are crosslinked, but not to each other. The original shape is 
determined by the network with the highest crosslink density and the highest 
mechanical strength. The material has at least two Ttrans corresponding to the 
different soft s^ments of both networks. 

uL Mixed Jnterpmetraimg Network 
A mixed JPN includes at least one physically crosslinked polymer 
network (a themioplastic polymer) and at least one covalently crosslinked 
polymer network . that cannot be separated by any 

physical methods. The original shape is set by the covalently CTosslinked 
network. The temporary shapes correspond to the Ttian* of the soft segments 
and the Ttraos of the hard segmrat of the thermoplastic elastomer con^nent 

A particularly preferred mixed interpenetrating network is prepared 
by polym^dzing a reactive macromonomer in the presence of a thermoplastic 
polymer, for example, by the photopolymerization of carbon-carbon double 
bonds. In this embodiment, the ratio by weight of thermoset polymer to 
thermoplastic polymer is preferably between 5:95 and 95:5, more preferably, 
between 20:80 and 80:20. 

/v. Semi-Interpenelraiing Networks 
Semi-interpenetrating networks ("semi-IPlNr*) are defined as two 
independent components, where one component is a crosslinked polymer (a 
polymer network) and the other component is a non-crosslinked polymer (a 
homopolymer or copolymer), wherein the components cannot be separated 
by physical methods. The semi-IPN has at least one thermal transition 
corresponding to the soft segment(s) and the homo- or co-polymer 
components. The crosslinked polymer preferably constitutes between about 
10 and 90% by weight of the semi-interpenetrating network composition. 
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V. Polymer Blends 
In a preferred embodiment, the shape memory polymer compositions 
descaibed herein are formed of a biodegradable polymer blend. As used 
herein, a "biodegradable polymer blend" is a blend having at least one 
biodegradable polymer. 

The shape memory polymers can exist as physical mixtures of 
. thermoplastic *polym«"s. In one embodiment, a shape memory polymer 
composition can be prepared by interacting or blending two thOTuoplastic 
polymers. The polymers can be semicrystalline homopolymors, 
semicrystalline copolymers, thermoplastic elastomers with linear chains, 
thermoplastic elastomers with side chains or any kind of dendritic structural 
elements; and branched copolymers, and these can be blended in any 
combination thereof. 

For example^ a nuiltiblock copolymer with a hard segment with a 
relatively high Titans and a soft s^ment with a relatively low Tmiu can be 
mixed or blended with a second multxblock copolymer with a hard segment 
with a relatively low Tuaw and the same soft segment as that in the first 
muttiblock copolymer. The soft segments m both multiblock copolymers are 
identical, so the polymers are misdble in each other when the soft segments 
are melted. There are three transition temperatures in the resulting blend - 
that of the first hard segment, that of the second hard segment, and that of the 
soft segment Accordingly, these materials are able to memorize two 
different shapes. The mechanical properties of these polymers can be 
adjusted by the changing the weight ratio of the two polymers. 

Other kinds of blends of at least two multiblock copolymers, in which 
at least one of the segments is misdble with at least one of the segments of 
the other multiblock copolymo-s, can be prepared. If two different segments 
are miscible and build one domain together, th^ the thermal transition of 
this domain depends on the weight content of the two segments. The 
maximum mimber of memorized shapes results from the number of thermal 
transitions of the blend. 

Shape memory blends may have better shape memory capabilities 
than the blend components alone. Shape memory blends are composed of at 
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least one multibJock copolymer and at least one homo- or copolymer. In 
principJe di-, tri^ tetra-block copolymers can be used instead of a multiblodc 
copolymer. 

Shape memory blends are highly useful in industrial applications^ 
since a broad range of mechanical^ thermal, and shape memory capabilities 
can be obtained from only two or three basic polymers by blending them in 
different weight ratios. A twin sctcw extrude is an example of standard 
process equipment that could be used to mix the components and process the 
ble^ 

SMP that may be employed preferably In the present invention are biodegradable and 
biocompatible SMP, polymer networks as well as thennoplastics, desmbed above, vs*)id) 
are employed as scaffold for tissue engineen'ng. 

The 

sh^e memory effect can be induced thermally, with near mfrared, UV, 
ultrasound or other energy sources. The thOTnally induced shape memory effect 
is due to a glass transition or melting point or another thmnal effect. Segmented 
block copoly(e5ter-urethane)s (thermoplastics) can be used as polymers with 
physical crosslinks. These copolymers can be used as tiiermally stimulated 
shape memory mntmsiU with high strain recovery and high final recovery rate. 
The TDBXH advantage of vising copolymers is thwr improved processmg 
conditions as compared with polymers wifli chemical crosslinks. As only 
physical crosslinks are introduced, all conventional procesang techniques for 
thermoplastics can be used, and the materials become easily reusable in the case 
of non-degradable applications. The results indicate that the high crystallinity of 
these copolymers at room temp^ature and the formation of stable physical 
crosslinks are the two prerequisites for these polymers to exhibit a shape 
memory effect! The successful use of block and graft copolymers is indicative of 
using other polymers of various structure and properties as shape memory 
materials. 
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Thermoset materials with much better mechanical properties e.g. 
interpenetrating and semi-interpenetrating networks using the same monomers 
for the macrodiols synthesis but other multifunctional coupling agents e.g. 
methacrylates can therefore be used and are preferred. 

The multiblockcopoly(ester-urethane)s as well as the networks may comprise 
of coupled cooHgomers of e-caprolactone, LJL-Dilactide , DJL>-Dilactide, 
diglycolide and para-dioxanone. The coupling will be carried out using 2;2(4),4- 
Trimetbylhexane-diisocyanate in the case of the thennoplastics and using 
polymerizable methaaylate groups in thfe case of the thecmosets. Synthesis is 
typically carried out in two steps. In the first step macrodiols with difierent 
thermal characteristics are synthesized via ling opening polymerization (ROP) 
of the cyclic esters and purified. Copolymerization of Lr4actic acid with glycolic 

acid using a tin catalyst for transesterification and etbylene.^ycol as initiator in 
a bulk reaction leads to an amorphous soft segment with through die 
dilactide/diglycolide ratio controlled Tg. The oligomerization degree could be 
tailored using the monomer/initiator-ratio. As the tnmsesterificatiQn catalyst 
dibutyl-tinoxide is the only catalyst with PDA approval for the use in food 
sector, the remaining catalyst has to be removed by any of several well-known 
purification methods. A different approach is the synthesis without a 
transestwification catalyst which leads to a strong enhancement of the reaction 
times. The materials are synthesized on medical grade standards, which means 
that they are ultra-pure for the use in functional tissue engineering. 

To gain multiblockstnictures firom the synthesized macrodiols, a 
coupling method must be used. There are several techniques possible fiom 
functionalization with a polymerizable end group to direct coupling with a 
difimctional compound. Couplmg of the different segments is e.g. carried out 
using 2,2(4),4-Trimethyl-hexane-diisocyanate. The synthesis is finished when 
all i socyanate groups have vanished in the IR-spectrum. It is here very important 
to use a coupling compound which didn't add an additional crystalline domain 
to the rather con:q)lex multiblock system. The phase separation of the system 
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could be investigated using DSC and AFM. In the case of the thennoset 
materials the synthesized macrodiols are functionalised using a polymerizable 
end group as the methaciylate group. The material is melted in the wished form 
and then cured using e.g. UV light. The shape memory transition temperature 
can be tailored liirough different monomer ratios. 

The materials are biocompatible' as the first preliminary results with an 
CAM test show. The materials are biodegradable through the labile ester 
bonds. The degradation occurs through hydrofytic scisdon of the bonds and is 
therefore mostly indq)endent 6om the implantation site. The degradation 
kinetics will be tailored using different monom^ ratios. Degradation leads to the 
formation of e.g. lactic of glycolic acid. Degradation of these materials* is not a 
bulk process and will therefore not lead to strong concentrations of glycolic or 
lactic acid as could be seen by materials with bulk degradatioiL 

One pierequisite for biomedical products is the sterilizability. Several 
techniques are available for sterilization of jnedical products as hot sterilization 
(damp or dry hot air), cold sterilization (ethylene oxide, formaldehyde or 
ionizing radiation) and aqueous solution sterilization. In the field of sterilization 
of biodegradable thermoplastics a lot of different techniques are used up to now. 
They were such as plasma sterilization as well as treatment with ethylene oxide 
at 50 ^C. The use of plasma sterilization is really an interesting idea for the 
modification of the surface of such materials but not for sterilization of 
polymers, due to the induced reactions on the sur&ce. Therefore any observed 
dijfferences in the materials characteristics are cfifficuh to trace back. The same 
problem exists with the ethylene oxide mefliod at 50 **a Due to the softening of. 
the implant, ethjdene oxide is incorporated into the implant. After the decrease 
of temperature and ethylene OTdde pressure;, there is only a slow release of the 
gas from the ipaterial. Toxic reactions of the seeded cells could occur due tg the 
ethylrae OTdde which is slowly released or the characteristics of the SM 
material. 

The materials are synthesized using medical grade standards and are • 
therefore ultra pin-e for the use in fonctional tissue engineering. The mechanical 
properties of the used shape memory system can be t^Iored in a rather wide 
range using different macrodiols compositions. 
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Macrostructures: 

Synthetic segmented blockcopoly(ester-urethane)s with thermal shape 
memory characteristics can be manufactured as woven or non-woven fibres, 
porous foams or films, membranes, hollow fibers, mono- or multifilaments as 
5 well as shape memory thermoset materials processed as thin films or beads. 

Processing will be carried out in mono- or multifilament fibres and the 
formation of 3-dimensional or 2-dimensional structures through diflFerent 
techniques (wovens, non-wovens), formation of films through different 
techniques such as spin-casting and the formation of 3-dimensional poroxis 
10 structures through satt-leaching, thermally induced phase separation, double 
emulsion technique or gas foaming processes. 

The different macroscopic forms could be combined in more 
sophisticated devices. 

Programming of the shape memory effect means the creation of a permanent 
1 S structure of the device through heating in a form above the transition 
temperature of the upper domains and out-balandng of the system. The 
tenq)oraiy structure is fixed through heating above the transition temperature of 
the lower domaixis, fixation of the temporary structure and quenching. The 
programming of the sbspo memory effect will be explained on an example of an 

20 expandable foam. The foam is processed with controlled pore sizes and pore 
size distribution and is in its equilibrium. The system is heated up ov^the 
transition tCTiperature of the soft segment, compressed and quenched. 

These materials can be combined with one or more bioactive substances 
and cells. 

25 Bioactive substances; 

Representative bioactive substances include growth &ctors, adhesion 
proteins, angiogenic factors as well as other cbmpoimds. 
Growth factors: Epidermal Growth Factor CBGF), Fibroblast Growtii Factors 
(FGFs), Hepatocyte Growth Factor (HGF), Insulin-Like Growth Factor-l (IGF- 

30 I), Insulin-Like Growth Factor-2 (IGF-2), Keratinocyte Growth Factor (KGF), 
Nerve Growth Factor (NGF), Platelet-Derived Growth Factor (PDGF), 



SUBSTITUTE SHEET (RULE 26) 



wo 01/91822 



19 



PCT/EPOl/06210 



10 



Transforming Growth Factor-a (TGF-a), Transforming Growth Factors-P 
(TGFs-P), Vascular Endothelial Growth Factor (VEGF), recombinant human 
Growth Hormone (rhGH), angiogenic and anti-angiogenic factors (see, for 
example, US Patent 6,024,688 (angiogenic factors) Folkman, JM,; O'Reilly, 
M.S.; Cao, Y). 

Adhesion proteins: ROD, RGDS, GRGDS, cyclic RGD peptides, PHSKN, 
KQAGDV, LDV, IDAPS, REDV, DGEA, KRLDGS, YIGSR, IKAKV, 
SIKVAV, CDPGYIGSR-NH2, polylysine, polyonrithine, KRSR, 
RKKRRQRRR, RQK and RNR. VAPG, VGVAPG (Amino add single letter 
code). 



Preferred bioacSve substances are given below: 

Adhesion-promoting oligopeptides. 
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OVERVIEW Growth Factors. 




promotes proliferation of 
mesenchymal, glial and 
epithelial cells 




wide range of 
cdls; protein is 
associated with the 
ECM 



promotes proliferation of 
many cells; inhibits some 
stem .cells; induces mesodenn 
to form in earfy embryos 



at least 19 famDj 
memibers, 4 distinct 
receptors 



69(a) 
34 (P) 



primarily liver, 
kidney 



potent mitogen for mature 
hepatocytes and renal 
epithelial cells 



7.5 



primarily liver 



promotes i^oli&ration of 
many cell types 



related to ICT'-a and. 
proinsnlin 



7.5 



variety of cells 




28 Da 



promotes proliferation of 
many cell types primarily of 
fetal origin 



related to IGF-1 and 
proinsnlin 



epithelial cells, hepatocytes 
and gastrointestiQal q^tbelial 
cells 



heparin-binding member 
of the FGF family - 



140 



promotes nemite outgrowth 
and neural cell survival 



several related proteins 
first identified as pioto- 
oncogenes; tikA (trackA), 
tricB.trkC 




16(A) 
14(B) 



platelets, 

endothelial cells, 

pl 



promotes proliferation of 
comiective tissne, g^ial and 
smooth musde cells 



two difGszcnt protein 
chains &nn 3 distinct 

dimer forms; AA, AB and 
BB 



5.6 



common m 
transformed cells 



may be important for normal 
wound healing 



related to EGF 



25 



activated THl cells 
(T-helper) and 
natural Idller 9^ 
cells 



antL-inflammatcay 

cytokine, 
production and dass C MHC 
expression), promotes wound 
healing.- inhibits macrophage 
and lymphocyte proliferation 



at least 100 different 
family members 



34-43 



regulator of angiogenesis, 
endotheliai cell proliferation, 
cainllary permeability 



related to PlXa^ 
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These can be incorporated into the polymeric matrix maintaining their 
fiill activity or attached on the surface. The release of one ore more bioactive 
substances will be controlled using the shape memory eflFect. 

The difiusion coefHcient of the drug is dependent of the hydrophobidty 
and porosity of e.g. the oiiter membrane of the foam. The shape memory effect 
can be used to alter the polarity and porosity of the surface and lead therefore to 
a change in the difiusion coefSdent of the drug. Therefore the release of two ore 
more bioactive substances with different polarities can be tailored. 

The adhesion proteins will r^nain attached to the surface until the 
implant is degraded on demand. Therefore the adhesion of the cells on the 
implant will be enhanced till the process of in-growth is finished and then &e 
polymeric matrix is degraded through the triggering of the sibape memory effect. 
Cells: 

The cells are seeded on the prepared scaffold and taken into a bioreactor 
for the proliferation of the cells. The shapQ memory effe<^ is triggered to induce 
structuring of the cells through applied forces. The bioactive compounds as 
growth fectors, adhesion proteins, angiogenic &ctors and differentiating factors 
are released on demand through a triggering of the shape memory effect Cells 
to be seeded on the scaffolds are dissociated using standard techniques. 
Preferred cell types are mesenchymal adult stem cells, muscle stem cells as well 
as akeady differentiated cells as epithelial cells, smooth muscle cells, cardiac 
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muscle cells in co culture, xnesothelial cells and chondrocytes, Schwann cells, 
glial cells. In some cases it may also by desirable to include nerve cells. See US 
Patent 5,869,041 to Vandenburgh relating to muscle cells. For tissue engineered 
organs where different tissues are needs to be incorporated in one device 
5 cocultures of the different cells can be applied. 

Cells are preferably autologous cells, obtained by biopsy and expanded 
in culture for subsequent implantation, although cells from close relatives or 
other donors of the same species may be used with appropriate 
immunosupression. After cell expansion wifliin the culture plate, the cells can be 
10 easily passaged utilizing the usual techmque until an adequate number of cells is 
achieved. 

The shape memory effect will be used to induce forces on the seeded 
cells. The cells will be seeded on a (x>nfracted film. For the structuring of 6.g. 
skeletal muscle , cartilage or nerves the shape memory effect will be triggered 
15 and a force is used on the seeded cells that will lead to a alignment in the wished 

direction. 

Examples of tissue engineered devices: 

The prepared shape memory scaffolds will b^ used for cell seeding. One 
possibility is the use of muscle cells in combination with the SM polymeric 
20 scaffolds. 

Muscle transfer is a common procedure in plastic and reconstructive as 
well as otiier surgeries but is associated with the risk of morbidity for the donor 
area. Fabricating skeletal as well as smooth muscle tissue in vitro offers an 
alternative for this procedure. The key technology for the fabrication of tissue 
25 engineered skeletal muscle tissue lies in the alignment and structuring of the 
ceUs. Here the new smart shape memory material in combination with attached 
adhesion proteins may be the material searched for. Two possibilities are shortly 
outlined here: 

The demographic and social alteration of the population will lead in the 
30 future to a further growing health service. One main point is the growing 
♦ demand of transplants in this field due to the advancing capabilities in medical 
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care. One problem that has a high socio-ecomomic impact in this field and 
therefore must be solved is incontinence. One possibility is to provide a 
transplantable internal sphincter muscle. A sterilized biodegradable 
thermoplastic shape memory elastomer film will be used as seeding surface for 
5 smooth muscle cells. The polymer surface may be grafted with adhesion 
proteins or growth faictors that could be released on demand. 

Severe heart failure is under the number one death causes in western 
societies. Cardiac malformations or loss of cardiac muscle may not be mider to 
number one causes for heart failure but show nonetheless important mortality 
10 numbers. Mild to severe loss of cardiac muscle is encountered in various types 
of congenital cardiac malfonnations and various surgical procedures have been 
developed to find optimal solutions for then' treatment. Despite the pain staking 
effort in the development of various techniques the mortality rate of children 
bom with cardiac malformations remains quite high. Loss of cardiac muscle is 
15 not only seen in children but is also encountered in the adult population. Until 
now techniques with limited success have been developed to overcome this 
problem. As cardiac muscle tissue due not have stem cells, novel approaches for 
tissue engineered cardiac muscle tissue must be developed. The new smart shape 
memory materials will provide a scaffold with contrdllable programmed forces 
20 that will affect a co-culture of cardiac muscle tissue with skeletal muscle stem 
cells. Additional differentiation enhancement may be carried out through in the 
polymeric scaffold incorporated bioactive substances. 

The challenge of ordered integration of a complex artOTOvenous and 
cappilary vascular tree into large living tissue engineered organs ex vivo has still 
25 to be solved. For the main aim of providing new organs for transplantation this 
is an important prerequisite. The loading of a biodegradable thermoplastic shape 
memory scaffold with angiogenesis factors where the release could be controlled 
by the shape memory effect is a completely new technique. The reconstmction 
of whole organs is simply not possible if there is no chance to generate a 
30 fijnctioning arteriovenous system in the implant. A further interesting direction 
is the engineering of larger blood vessels for transplantation using shape 
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memory thennoplasts. Seeding of smooth muscle cells on the outer suifece of a 
shape memory tubing could be used as stabilizing part for blood vessels. The 
imier sur&ce of such an implant may be covered with epithelial cells to avoid 
thrombosis. 

Preferred SMP that may be employed in the present tnvenfion are lacfide free SMP/ It 
has surprisingly .be found that the lacb'de free SMP show a degradation behavior diflehng 
from the corresponding behavior of lactide containing SMP, While the latter do produce 
small crystalline particles upon degradation, particles which may present potential health 
hazard when employed in vivo, the lacfide free SIWP do not produce small cfystalllne 
particles upon degradation. This broadens the possibilities to employ those SMP In tis- 
sue engineering, particular to uses in vivo. 

A further possibility to alter the SMP employed in the present Invention is the provision of 
coatings on the SMP scaffolds. Such coatihgs may be employed to further enhance the 
control of the degradation kinetics or the release of substances, suc^ as the described 
bioactive substance, from ftie SMP scaffold during the use in tissue engineering. 

Coating of a &st degrading compound with a daw d^rading oHe with 
low water permeability lead to a degradation on demand. The shape memory 
edSfect will be used to alter the di£^ion coefiicient of water through the slow 
d^rading material or simply destroy the coating through shear forces. The 
degradation of the coated material will lead to a shaip loss of the structural 
integrity of the implanted scaffold. 

Shape memory polymers can be designed so that the degradatiori rate 
is varied. For example, in one embodiment, a hydrolytically degradable 
polymer can be selectively protected by applying a hydrophobic SMP 
coating that temporarily prevents water from reaching the hydrolytically 
cieavable bonds of the bulk polymer. The protective feature of the coating 
then can be modified when desired by applying an external stimulus such 
that the difEusion properties of coating are altered to pranit water or oth^ 
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aqueous solutions to permeate through the coating and initiate the 
degradation process. If the hydrolysis rate is relatively high compared to the 
diffiision rate of water, tfa^ the diffusion rate of water through the coating 
detOTnines the degradation rate. In another embodiment, a hydrophobic 
coating consisting of densely crosslinked soft segments can be used as a 
diffiision banier for water or aqueous solutions. The soft segments should 
be at least partially crosslinked by linkages that can be cleaved by 
application of a stimulus. The diffiision rate of water can increased by 
lowering the crosslinking density. 



A further advantage of the method and use according to the present invention is the fact 
that the SMP may be seeded vwth cells while the SMP is present in the temporary fomi. 
After proliferation of the seeded cells, even In vivo during reconstruction of destroyed 
tissues, the shape memory effect, i.e. the alteration of the form and/or volume of the 
SMP scaffold, can tie used to exert mechanical forces on the gro>wn tissue in order to 
induce orientation and/or differentiation, and/or to release bioacBve substances con- 
tained within the SMP scaffold. This enables for example the orientation of cartilage tis- 
sue and/or muscle tissue grown on SMP scaffolds in vivo without the need of invasive 
surgery. 

The SMP scaffolds used in the present Invention may be employed in any suitable fonm, 
but spheres, pellets, rods, films and tubes are preferred. Usable are also porous materi- 
als and foams. 

A furflier advantage of the use and the method of the present invention is the possibility 
to Induce a separation of SMP scaffold and tissue grown thereon using the shape menrj- 
ory effect This featijre can be employed in particular during the tissue engineering of 
adhesive cells, such as cartilage cells and/or keratinocytes. 
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For culturing adhesive cells it is necessaiy that each cell has physical contact to their next 
neighbours, when the 'whole sur&ce of the carrier noaterial is occupied by the cells the cell 
growing stopped and differentiation takes place. So the surface of the carrier material limits 
the growing of the adlbiesiye cells. Up to now for the immobilization of adhesive cells or 
bioactive substances, like enzymes, peptides, growdx &ctors or drugs, biocompatible porous 
glass beads or collagen coated loicro carriers based on dextran were used, 
SM-microcarriers, preferable porous beads, which can be expdnd by external stimulus 
otr^ an innovative tool for more efBdent way of cuituiing of adhesive cells. For example. 
Opening pores, or channels by SM-transition in the shell of the microbead causes a controlled 
continuous swelling of the particle core, that means a continuous increase in the microparticle 
sur&ce area. This .expansion induced by swelling will increase the microparticle sur&ce area 
in the range of 20% to 500%, preferable ftom 50% to 200%. 

Another difiBcult stqp in culturing adhesive cells is the removal of the cells firom the carrier 
materiaL To xemove Hno cells from the glass or collagen coaled microcanier an aggressive 
enzyme-cocktail is used, which causes the loss of bibactivily of nearly 20% to 35% of the 
cells. Therefore the need of an minima! or non invasive removal procedure is obvious. This 

non invasive removal can also be effected by rapid degradation of tiie miaxiparticle shell. Thq 
degradation kinetics as well as shape memory transition temperature wiU be tailored using 
drfifereot monomer ratios. Another possibility for minimal invasive removal of the cells is 
degradation on demand induced by extenial stimulus. 

On the o&er hand also a second shape memory efTect will be used for an easy removal of 
adhesive cells without loosmg. their bibactivxty, doe to drastically changes in the shape of the 
microcarriers or by switching the surface morphology from smootii to rough or in the 
different direction. This inventioQa of intelligent shape menuny xniczobeads will lead to mcnre 
efBcientmetfaod of culturing evety kind of adhesive cells. 

Mucosic cells for example can preferably be cultured on shape memory microbeads ha- 
ving a rough surface. Separation can be effected by inducing a shape memory effect 
changeing the surface morphologie from rough to smooth. 

The typical size of the SM- 

particles is between 10 nanometers and 2,000 microns, preferable 200 nin to 800 pm. The 
shape of the particles can be spherical, ellipsoidal, cylindrical or random coD shaped, 
preferable spheres. The microbeads can be solid hard-spheres, or soft-sgheres with a 
determined contend of solvent (gel)> or pomus material with luufoim or gradient polymer 
density. Also hollow spheres like micells, core-shell particles or W- or muWlayered structures 
like vesicles for example onions can be used as SM-microbeads. 

The SM-^nicrobeads can include eloctroconductive- or magnetic particles or particles for 
diagnostic imaging like radiopaque materials, or biologically active molecules to be delivered 
or compounds for targeting the microbeads. 
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These microbeads exhibit an SM-transition -with one or more shapes in memory at 
macroscopic or microscopic lengthscale induced by extexaal stimulus. The SM-microbeads 
will consist of biocompatible, biodegradable shape memory polymers that contain at least 
one physical crosslink (Thermoplast) or contain covalent crosslinks (Thetmoset). The sh£^ 
memory polymers can also be interpenetrating networks or semiinteipenetrating networks. 
The used biocompatible, biodegradable shape memory Ih^moplastic microbeads will be a 
muhiblock copolymer vriSi amorphous and/or czystallme domains consisdng of coupled 
cooligomeis of s-caprolactone, ethylene glycol, Jiropyiene glycol , LJ^lacdc add, D^Iriacdc 
acid, glycolic acid and para-dioxanone. 

For the SM-microbeads the use of syxrdietic segmented blockcopoly(ester-ure1hane)s with 
thexmal shape memory charac te ristics as porous foams or fnTnjg is preferable. These materials 
will be the porous hydrophobic structural basis of the microparticles. Tie 
multiblockcopoly(ester-urediane)s will consist of coiipled cooligomers of e-c^rolactone, 
LJLr-lactic acid, D J^lactic acid, glycolic add and para-dioxanone. The coiipling will be 
carried out using 2;2(4),4-Trimediylh»cane-diisocyanate. Synthesis is typically carried out in 
two steps, in the JBrst step macrodiols with diSerent thermal diaracteristics are synthesized 
via ring opening polymerization (ROP) of Hxg cyclic esters and purified. Copolymerizadon of 
L-lactic add with glycolic acid using a tin cstatyst for transest^ificadon and ethylene glycol 
as initiator in a bulk reaction leads to an amorphous soft segment with tbrou^ the 
lactide/glycolide ratio corrtroUed Tg. The oligomerization degree could be tailored using the 
monomer^nitiator-ratLO. 



For the covalenfly crosslinked polymemetworks the telechejeic macrodiols werde di- or 
higher fbnctionalized with any kind of polymerizable endgroixps peferable mettxacrylates or 
acrylates. The network formation will be induced by radical polymerizatiaD, pr&rable by 
inidiation with UV-lighL 
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Synthesis of the wished roicro carriers relates to processing in the needed form, progranoming 
of the shape memoiy effect and detemaing of the rate and kinetic of the polymer degradation 
as also sterilization of the material in a non-invasive manner. 

Processing of the needed form means on the one hand the use of emulsion polymerization 
techniques for &e synthesis of the micrqjarticles. On the other hand all conventional methods 
of crushing and grinding macroscopic material into microparticles can be used, also die use of 
qraydrying is possible to create the nucax>beads. 

The formation of 3-dnnensional porous structores can be induced through salt-leaching, 
theonally induced phase separation, double emulsion technique or gas foamiog processes. 
Pmg fflmTTitng of the ^bsspe memoxy effect means the creation of a permanent structoie and 
shape of the device tfarougji heating in a fonn above die transition temperature of the npp^ 
domains and out-balancing of the system. The temporary structure is fixed Ihrougb headng 
above the transition temperature of ^e loiver domains^ fixation of the terqporaiy stroctore and 
quenching. Par example through the ^>plication of shear stress to the mictoparticles. 

The following synthesis examples illustrate the preparatipn of SMP materials which may 
be used In the present Invention. 

Thennoplastic SMP with pliase segregated block-copolymers 

Block-copolymers were produced by connecting macrodiols with diisocyanate. 

Synthesis of Telechelics, oligomers Tvith fimctional groups at both ends. 

The telechelic macrodiol were S3rathesized by ring opening 
polymerization of cyclic monomers with di(n-butyl)tinoxide as a 
transesterfication catalyst und^ a N2 atmosphere. 

a,Q>-dihydroxy [oligo(ethylene glycol glycolate) ethylene oligo 
(ethylene glycol glycolate)] (PDS 1200 and PDS1300) was prepared as 
follows. The monomer p-dioxane-2-one was obtained by distillation 
(thermal depolymerization) of the oligomer prior to use. 57 g (0.63 mol) of 
the monomer, 0.673 g (10.9 mmol) ethylene glycpl, and 0.192 g (0.773 
mmol) di(n-butyl) tinoxide were heated to 80 for 24 h. The end of the 
reacfion (equilibrium) was determined by GPC. The product was sohited in 
hot 1,2-dichIoroediane and filtered hot througjb a Buechner-funnel filled with 
silica gel. The product was obtained by precipitation in hexanes and dried in 
vacuo for 6 h. 
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a,ffl-dihydroxy [oIigo(l-lactate-ca-gIycolate) ethylene oligo (Ir 
lactate-co-glycolate)] - (abbr.: PLGA2000-15) was prepared as follows. In a 
1000 ml two-neck round bottomed flask, 300 g (2.08 mol) of LJ^dUactide, 
45 g (034 mol) of diglycofide and 4.94 g (0.80 mol) ethylene glycol were 
heated to melt at 40 and stirred. 0,614 g (2.5 mmol) di(n-butyl) tinoxide 
was added. After 7 h, the reaction reached equilibrium as detennined by 
GPC. The reaction mixture was sohited in 1,2-dichIoroediane and purified in 
a silica gel column. The product was obtained by prec^itation in hsxanes 
and dried in vacuo for 6 h. 

Macrodiols of e-caprolactone: 

51.5g (0.452 mote) e-capro(actone, 565.6mg (62,1 mmole) ethylene glycole and 
373.1mg (1.49 nnmole) dHi-butyWnoxide were stirred at ISS^C for 6 hours. 

The reaction mixture was sohited in i;2-dichloroe1hane and purified in 
a silica gdcohunn. Tlie product was obtained by precipitation in hexanes 
and dried m vacuo for 6 h. 

Polyaddftion: 

The macrodioles were dissolved In dry 1.2-<fichloroethane and dried over molecular 
sieve by azeotropic soxleth distillation. Water content (< 10ppm) was determined in ac- 
cordance with the Karl Fischer Method. Freshly distilled diisocyanate is introduced into 
the reaction vessel with a syringe and polymerisation is conducted at SCC under stirring. 
The reaction is monitored via GPC. The polymer Is obtained by predpitation in hexane, 
purification is carried out by repeatedly dissolving in 1.2-dichloroethane and predpltating 
in hexane. The final polymer is dried in vacuum. 

These polyadducts comprising caprolactone and dioxane are abbreviated PDC in the 
• following. 
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The weight-% amount of oIigo(p-dioxanone) in the polymer is given by the sample ED. 

Table 1. Reaction parameters of PDC multiblock copolymers comprising ODX and 
OCL. 



Sample ID 


in(ODX) 
[Si 


a (ODX) 
[mmol] 


m (OCL) 
fe] 


n(OCL) 
(mmol] 


m(TDMI) 

rgi 


n(TDMI) 
[mmol] 


t 


PDCO 


0.00 


0.00 


5.00 


1.66 


0.42 


1.99 


45 


PDC9 


0.50 


0.14 


4.50 


1.50 


0.41 


1.95 


45 


PDC19 


1.00 


0.28 


4.00 


1.33 


0.41 


1.95 


45 


PDC28 


1.50 


0.43 


3.50 


1.17 


0.40 


1.90 


45 


PDC38 


12.10 


3.46 


17.70 


5.90 


2.16 


10.24 


504 


PDC64 


3.48 


0.99 


1.49 


0.49 


0.45 


2.14 


45 


PDC83 


5.85 


1.67 


0.66 


0.22 


0.53 


2.52 


45 



Table 2, Chemical composition and molecular weights of PDC multiblock copolymers 



Mw M„ Mvr/M„M«(Film) OCL ODX TDMI 
Sample ID fg-mol'M [g-mor^] [g-mor^] [wt-%1 [wt-%] [wt-%] 



PDCO 


184000 


77000 


238 


95000 


92.3 


0.0 


7.7 


PDC9 


159000 


76000 


2.10 


66000 


83.2 


9.2 


7.6 


PDC19 


158000 


69000 


2.29 


61000 


73.9 


18.5 


7.6 


PDC28 


134000 


63000 


2.14 


47000 


64.8 


27.8 


7.4 


PDC38 


118000 


41000 


2.87 




55.4 


37.9 


6.8 


PDC64 


63000 


35000 


1.79 


32000 


27.5 


64.2 


8.3 


PDC83 


65000 


38000 


1.72 


31000 


9.4 


83,1 


7.5 



The molecular weights of the synthesized materials are measured by relative GPC in 
chloroform. Calibration was carried out using narrow polystyrene standards. 

Table 3. Thermal properties of PDC multiblock copolymers determined by DSC 



Sample ID 




[JK-g-'l 


T„(OCL) 

["C] 


AH((X:L) 
[Jg'l 


T„(ODX) 

rc] 


AH (ODX) 
P-g*3 


PDCO 






41 ±2 


45±1 






PDC9 






41 ±2 


43 ±1 


77±1 


2.5 ±0.5 


PDC19 


-18 ±2 


0.10 ±0.01 


40±2 


35±1 


83 ±2 


5.0 ±0.5 


PDC28 


-24 ±2 


0.20 ±0.02 


40±2 


31±1 


85 ±2 


6.5 ±0.5 


PDC35 


-17 ±2 


0.13 ±0.05 


40±2 


25±1 


81 ±1 


- 15±1 


PDC64 


-17 ±2 


0.36 ±0.01 


40±2 


14±2 


85±2 


31 ±1 


PDC83 


-16±2 


0.60 ±0.05 






85±1 


35 ±2 



The thermal transition is independent of the molar ratios of the used oligomers. The thermal 
transition itself is rather fixed in a predetermined temperature range that could be tailored 
using different oligomers. 
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Table 4. Mechanical perfonnance of the PDC multiblock copolymers 



Sample ID 


T[^C] 


E[MPa] 


asfMPal 


es [%1 


axnax [MPa] 


B™« [%] 


PDCO 


20 


• 40±5 


8±1 


33 ±1 


17±5 


1000 ±150 


PDC9 


20 


34±8 


9±1 


52 ±17 


16±1 


1037 ±100 


PDC19 


20 


43 ±6 


9±1 


40±4 


18±2 


900 ±100 


PDC28 


20 


39±5 


8±1 


35±1 


21 ±1 


1100 ±100 


PDC35 


20 


34±5 


8±1 


49±2 


13±2 


700±50 


PDC64 


20 


70dbl0 


11±1 


37±1 


19±1 


650 ±50 


PDC83 


20 


90 ±30 


15±2 


41 ±4 


25±4 


730 ±50 


PDCO 


37 


17±2 


2.6 ±0.1 


24±1 


17±1 


1200 ± 100 


PDC9 


3*7 


12±3 


2.6 ±0.3 


33 ±4 


14±3 


1200 ±170 


PDC19 


37 


14 ±5 


2.9 ±0.4 


33 ±8 


14±1 


1100 ±70 


PDC28 


37 


10±3 


2.0 ±0.4 


32±8 


. 11±2 


1200 ±70 


PDC35 


37 


15 ±3 


2.6 ±0.5 


36±8 


10±2 


800 ±50 


PDC64 


37 


24d=3 


5.5 ±0.1 


35±6 


12±1 


550 ±50 


PDC83 


37 


31=t4 


6.9±0.1 


37±3 


16±2 


650 ±60 


PDCO 


50 


0.2 ±0.1 






0.30 ±0.05 


1500 ±200 


PDC9 


50 


0.10 ±0.03 






0.40 ±0.15 


800 ±60 


PDC19 


50 


0.3 ±0.1 






0.5 ±0.1 


820 ±60 


PDC28 


50 


0.9 ±0.1 






0.6 ±0.1 


740 ±60 


PDC35 


50 


2.0 ±0.6 






4.0 ± 0.6 


560 ±60 


PDC64 


50 


9.1 ± 1.2 






5.9 ±1.0 


30± 10 


PDC83 


50 


16.3 ±5.7 






8.1 ±1.0 


30 ±10 



The biodegradable thermoplastic materials show possible deformations from 600 to 1500 %. 
The mechanical properties strongly depend on the ratio of the used oligomers as well as the 
molecular weight of the multiblock copolymer. Ino-easing the amoimt of ohgo(p- 
dioxanone)diol in the reaction mixture leads to a lugher Young's Modulus. This comes along 
with a decrease of the corresponding elongations at break. This can be observed at all three 
investigated temperatures and is related to the increasing content of hard segment. Comparing 
the tensile properties at 20, 37, and 50 °C it can be seen that the materials soften during 
heating above transition temperature. Tlus is due to the melting of the crystallized switching 
segments. 
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Table 5. Selected shape memory properties determined from cyclic thermo-mechanical 
experiments between - 20 and 50 ^'C 







PDC9 


PDC28 


PDC35 


PDC9 


PDC28 


PDC35 


N 


Sprog [%] 


[%] 


Br[%] 




Rf[%] 




Rf[%] 


1 


200 


















76.0 


79.0 


80.0 


99.5 


99.0 


98.0 


2 


200 


















89.0 


93.5 


89.5 


99.5 


99.0 


98.0 


3 


200 


















99.0 


96.0 


98.0 


99.5 


99.0 


98.0 


4 


200 


















99.0 


99.0 


99.0 


99.5 


99.0 


98.0 



Sliape memoiy properties can be measured using cyclic thermo-mechanical tests according to 
amethod described in literature (B. JL Kim, S. Y. Lee, M. Xu. Pofymer 37, 5781 (1996)). The 
material is pressed to films having a specific thickness. "Dogbone" shaped samples are 
punched out of the films and mounted in a tensile tester equipped with a thermo-diamber. 
The strain recovery ratio Rr and shape fixity Rf can be obtained according to the calculation 
described in H. Tobushi, H. Hara, E. Yamada, S. Hayashi, 5LPJLE 2716, 46 (1996>. Strain 
recovery depends on the cycle number N and gradually approaches 100 % after a learning 
phase during the first couple of cycles. Shape fixity is determined by the amorphous regions 
able to undergo entropic elasticity after shape programming and remains constant through tiie 
different cycles. 

The shape memoiy properties strongly depend on the combination of the two segments. The 
hard segment is responsible for the mechanical stability of the material, an the soft segment 
for high strain-recovery ratios. 
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Table 6. Dynamic mechanical properties 



Sample ID 




Tg(ODX)^^ 


F (tuniing point) F (23°C) 


F(37°e) 


F(50°C) 




rci 


rc] 




(MPAl 


PVCPa] 


[MPA] 


PDCO 


-51 ±1 




48i:2 


360 ±20 


240±20 


10±5 


PDC9 


-51 ±1 


-17dbl 


50:t2 


280 ± 10 


190 ±10 


15 ±5 


PDC19 


-47dbl 


-15 ±1 


50±2 


280 ±10 


190 ±10 


15±5 


PDC28 


-45^2 


-19 ±1 


- 48d=2 


280 ±10 


190 ±10 


15±5 


PDC35 


-46±1 


-11 ±1 


48 ±2 


320 ±10 


230 ±10 


20±5 


PDC64 


-39±1 


-4±1 


46±2 


340 ±20 


220 ±20 


90± 10 


PDC83 




Oil 


39±2 


360 ±20 


240 ±20 


160 ±10 



a) determined fi^m a maximum in 



b) detennined from a maximum in tan 5 

The dynamic mechanical data can be obtained using dynamic mechanical thermal analysis 
(DMTA). 

At room temperature the storage moduhis F is dominated by the crystalline OCL segments 
and shows little variation with the copolymer composition. This trend is still present at 37 °C 
although overall F is Iowa* because of the meltmg of OCL crystallites. The loss in dynamic 
mechanical performance is fastest at the turning point of the £* curve. At 50 °C £' is generally 
low, but increasing with higher content of hard segment, which is due to the crystallinity of 
theODX 
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b 50 100 150 200 250 

t[d] 



Figure 1. Hydrolytic degradation of thermoplastic shape memory elastomers at pH 7, 
mass and molecular weight loss of different polymer samples at 70 *C 
(□: PDCIO; O: PDC17; A: PDC31; V: PDC42) 

Degradable biomaterials need to contain links that can be cleaved imder physiological 
conditions. There may be en2ymatic or hydrolytic scission of the chemical bonds. The 
hydrolytic cleavage has the advantage that the degradation rate would be ind^endent of the 
implantation site. Since enzyme concentrations in the body are var3dng significantly 
depending on the location, the eozymatically catalyzed cleavage of chemical bonds would be 
strongly depending on the implantation site. For that reason we introduced hydrolytically 
cleavable bonds for the synthesis of biodegradable thermoplastic shape memory elastomers. 
The degradation kinetics could be changed by modification of the used combination of 
precursor materials. An increase m the amount of hard segment leads to a faster loss in mass 
. as well as molecular weight. 

There are several methods to characterize the degradation of a polymer e.g. mechanical 
properties, molar mass and weight. 

The degradation process could be split into 3 stages. In the first stage there is a water uptake 
and a swelling of the polymer to a considerable amoimt depending on the hydrophobicity. 
Some ester linkages are cleaved. In the second stage a considerable loss of the molar mass 
could be observed. The hydrolysis is auto-catalyzed throug^i acid groups that are built up 
through the crack of the ester bonds. The mechanical properties are breaking down. 
The third stage is characterized through the mass loss of the sample. In some cases highly 
crystalline polymer particles could be observed at the end of the degradation process. The 
degradation of poly(i;-lactic acid) based materials is leading to the formation of such high 
crystallme particles. If these particles are to great in size the formation of fibrous capsules in- 
vivo could be observed. The degradation process is stopped and the encapsulated particles 
stay in the body and may cause inflammation. The materials show also a non-linear mass loss 
leading to a sudden release of the degradation products from the bulk material and therefore 
high concentrations of e.g. lactic acid that may cause inflammation (K. Fu, D.W. Pack , A.M. 
Klibanov, R.S. Laxigtr Pkarm Res 17:1, 100, (2000); KA Hooper, N.D. Macon, J. Kohn J. 
Biomed Mat Res, 32 ,443, (1998). In contrast to these polymers the applied multiblock 
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copolymers are showing a linear mass loss and no formation of crystalline particles. The new 
smart multiblock shape memory materials show a particle free degradation in in-vitro studies. 

The interaction of biomaterials with the organism strongly depends on the implantation site. 
In principle three types of tissue have to be distinguished: soft tissue (connective tissue, 
muscle tissue), hard tissue (bone, tooth) and blood. Testing of the biocompatibility of a' 
polymer scaffold could be carried out by subcutaneous or intra-muscular implantation (soft 
tissue compatibility). First biocompatibility tests showed also rather encouraging results. The 
tissue compatibility of the shape memory polymer system was investigated using CAM tests. 
This is a very sensitive test on toxicity, were a sterilized polymer film is placed on the 
chorioallantoic membrane of a fertilized egg and incubated for 2 days. After this time the 
blood vessels around and under the polymer film were investigated due to any kind of damage 
or undesired reactioa In a first series the biodegradable multi block copolymers showed good 
tissue-compatibility. There was no reduction of the number of blood vessels or damage under 
or in the vicinity of the polymer film. 
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Synthesis of Poly(e^caprolactoiie) dimethacrylates 

The synthesis of poly(e-caprolactone) dimethacrylates (PCLDMA) is performed according to 
the method described by Aoyagi et al. (19). The procedure is described on the example of 
PCLDMA2000 (Mw=2000). To a solution of 20 g (10 mmol) poly(e-caprolactone) diol and 
5,3 ml triethylamin (38 mmol) in 200 ml of dry IHF, 3,7 ml (38 mmol) methachroyl chloride 
is added dropwise at 0 The solution is now allowed to warm up to room tanperature and 
stirred for 3 da3rs. Then the precipitated salt is filtered off and the solvent is evaporated at 
room tempoature under reduced pressure. The crude product is resolved in 200 mJ ethyl 
acetate, filtered again and precipitated into aten-fold excess of a mixture of hexanes, ethyl 
ether and methanol (1 8:1:1). The colorless precipitate is collected and soluted in 200 ml of 
dichlorethane, precipitated again and dried carefully under reduced pressure at room 
temperature. The degree of methacrylation is determined using IH-NMR-spectroscopy 

Synthesis of tiie Polymer Networks 

A mixture of poly(e-caprolactone) dimethacrylate and the proper amoimt of n-butylacrylate is 
heated to 10 **C above the melting temperature (Tm) and filled into a mould formed by two 
glass plates (25 mm x 75 mm) and a teflon spacer of 0,60 mm thickness. To achieve a good 
homogenity, the mould is stored at Tm for another hour. Photocuring is performed with a 100 
Watt m^cury arc lamp (Ultracure lOOss plus, Efos) on a heated plate at Tm and lasts, unless 
stated otherwise; 15 min. The distance between lamp head and sample is 5,0 cm. After 
cooling to room ten^erature, the isolated weight is determined (miso). The sample is 
extracted and swollen with a 100-fold excess of dichloromethane overnight, washed carefully 
and weighted (msw). After drying at zoom tenq)^ature under reduced pressure, the sample is 
weighted again (md). 

Mechanical and Thermo-Mechanical Experiments: Tensile tests at room temperature were 
carried out on an Instron 3100. Experiments at extended temperature and thermocyclic experi- 
ments were performed on a Zwick 1410 with a Climatix thermo chamber and an Eurotherm 
temperature controller. The strain rate was 10 mm/min in all experiments. .The thermocyclic 
program consisted of (a) heating up the sample to Th, extending it to em, cooling down to Tl in 
die extended state and (b) unloading to 0 % extension at Tl. Th and Tl were held for at least 
10 minutes before loading or unloading the sample. Each cycle (a) - (b) was repeated 5 times. 
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Tab. 1: Copolymeri sates of PCIDMA2Q00 orPCLDMAlQOQO and n-butyl acrylate. 

Sample ny m[mg] VM rn" TPC] G[%3 Q[%] 

C2 300.0 - - 50 94 410 

C2B(11) 267.9 36 1 50 - 94 490 

C2B(38) 187.5 148 5 45 92 570 

C2B(54) 136.8 183 10 40 96 660 

C2B(65) 106.5 216 15 40 95 650 

C2B(75) 76.2 250 25 30 92 680 

C2B(90) 3^5 300 75 23 97 730 

CIO 300.0 - - 60 90 760 

C10B(20) 239.4 68 10 55 97 800 

C10B^9> 183.7 130 25 50 93 800 

C10B(50) 149.1 169 40 50 . 90 . 840 

C10B(60) 119.2 202 60 45 97 880 

C10B(71) 85.0 241 100 40 93 1020 

57.7 271 166 35 n.b. ii.b. 

* The two digit number in brackets of die saiiq>le ID gjives the weight percentage wb of 

n-butyl acrylate in the monomer mixture. 



No stable film is obtained. 

gree of swelling Q of the films: in dichloromethane 
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Tab. 2: Tensile properties of copolymerisates of n-butyl acrylate and PCLDMA2000 or 
PCLDMA 10000 at room temperature. E is the elastic modulus (Young*s modulus), Cm is the 
maximum stress, Sm liie elongation at a^a, er is the elongation and or the stress at break. 



Sample 


E 


8„ 


dm 


Er 


Or 


ID 


[MPa] 


[%] 


[MPal 


r%i 


fMPal 












4.7±0.1 


C2B(11) 


5.1±0.2 


13±1 


• 0.6±0.2 


12.8±1.3 


0.6±0.2 


C2B(38) 


1.6±0.1 


28±3 


0.4±0.1 


29±3 


0.4Ht0.1 


C2B(54) 


1.2+0.1 


41±5 


0.4+0.1 


44±6 


0.4±0.1 


C2B(65) 


1.1±0.1 


32±3 


0.3+0.1 


34+3 


0.3+0.1 


C2B(75) 


0.910.1 


71±8 


0.3±0.I 


74+8 


0.3+0.1 


C2B(90) 


0.5±0.1 


129±24 


0.3+0.1 


130±23 


0.3+D.l 


CIO 


71±2 


29ai£30 


16.2±0.5 


290±30 


15.7±0.9 


C10B(20) 


58±8 


421±21 


14.6±1.2 


423±23 


14.1±1.2 


C10B(39) 


49±6 


553±28 


10.3±0.3 


555±30 


10.310.3 


CI0B(50) 


30±1 


422±11 


9.2±0.3 


422+11 


9.210.2 


C10B(60) 


7dt3 


433±30 


8.0+0.4 


435±42 


8.010.4 


C10B(71) 


7.8±0.2 


406±63 


4.3±0.4 


406±63 


4.310.4 



Tab. 3: Tensile properties of copolymerisates of n-butyl acrylate and POLDMAIOOOO at 
70 E is the elastic modulus (Young*s modulus), Cm is the maximum stress and sr is the 
elongation at break. 



SaxnpleJD 


E 
[MPa] 


[MPaJ 


Er 

[%] 


CIO 


0.7Q±0.09 


0.7910.10 


210±7 


C10B(20) 


1.01±0.05 


1.0610.17 


18713 


C10B(39) 


0.84±0.03 


0.8710.08 


222£28 


C10B(50) 


0.80±0.11 


0.8510.12 


229124 


C10B(60) 


0.6Q±0.02 


1.1210.01 


382+8 


C1GB(71) 


0.43±0.03 


0.6210.11 


354113 
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Tab. 4: Thermo-mechamcal properties of copolymerisates of n-butyl aciylate and 
PCLDMAIOOOO at Ti = 0 °C, Th = 70 °C and = 200 %. me is the weight percentage of 
n-butyl acrylate in the monomer mixture, Ti is the lower limit temperature, the higher limit 
temperature Th is 70 ^'C in all experiments. 8o» is the maximum extension. E(2)/B(l) is the 
relation between the elastic moduli of the first two cycles. Cm is the maximum stress at Th 
(N== 1), ai is the corresponding value at Ti (after thermal contraction). R,(N) is the strain 
recovery rate of the second cycle, Rr, tot is the total strain recovery rate after 5 cycles, Rr is 
the average strain fixity rate. 



Sample ma Rr(2) Rr,toi ■ Rf E(2)/E(l) a„ oi 

n>* [wt.%] [%] [%] [%] I%] [MPa] [MPa] 



CIO 




94.5 


93.3 


95.5±0.1 


91.0 


0.69 


4.16 


CiaB(20) 


20 . 


94.8 


93.6 


95.2±0.1 


82.1 


1.34 


2.92 


C10B(39) 


39 


96.1 


95.0 


95.9±0.1 


91.5 


1.11 


0.81 


CiaB(50) 


50 


97.8 


96.5 


96.1±0.1 


95.8 


0.75 


0.32 


C1QB(60) 


60 


98.3 


97.6 


93.7iO.I 


99.4 


0.61 


0.32 


C10B(71) 


71 


99.0 


98.1 


82.3±2.5 


97.3 


0.38 


. 0.24 



SUBSTITUTE SHEET (RULE 26) 



wo 01/91822 



40 



PCT/EPOl/06210 



Claims 

1 . Use of shape memory polymers in tissue engineering. 

2. Tlie use according to claim 1 , wherein the shape memory polymer is 
biodegradable. 

3. The use according to claim 1 or 2, wherein the shape memory polymer 
furthermore comprises at least one bioactive material. 

4. The use according to any of the preceding claims, wherein the shape memory 
polymer is seeded with dissociated cells. 

5. The use according to any of the preceding claims, wherein the shape memory 
polymer Is free of lactide units. 

6. Method for tissue engineering, comprising the seeding of a shape memory 
polymer with cells, proliferating the cells and inducing a shape memory effect 
of the shape memory polymer. 

7. The method according to claim 6 wherein the shape memory polymer used is 
biodegradable. 

8. The method according to claim 6 or 7, wherein the shape memory polymer 
furthermore comprises at least one bioactive material. 

9. The method according to any of the preceding claims, wherein the shape 
memory polymer is seeded with dissociated cells. 

10. The method according to any of the preceding claims, wherein the shape 
memory polymer is free of lactide units. 
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Shape memory polymeric cell carrier with increasing surface induced by shape memory 
effect 



Fig.2 
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Shape Memory Mikrobeads: Iminobilization of human ceUs autologues Keratinozytes 

Shape memory polymeric cell carrier for separation of cells induced by polymer 
degradation /and/or a shape memory effect. 

Fig. 3 
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